and social cognition in NCD-TBI. 1, 3, 4 Here, current cognitive function is assessed with the Wechsler Adult Intelligence Scale-Fourth Edition (WAIS-IV). 5 The WAIS is a test of neurocognitive function that measures an individual' s overall intellectual ability, crystallized and fluid intelligence, short-term and working memory, and processing speed. 6 A recent study investigated cognitive function in patients with NCD-TBI with the WAIS-IV, reporting significant differences for all indexes and subtest scores in patients with severe TBI compared with controls. 7 Moreover, there were significant differences in working memory, processing speed, and full-scale IQ between patients with complicated mild/moderate TBI and controls. 7 A significant difference in processing speed between patients with complicated mild/moderate TBI and those with severe TBI has also been reported. 8 These results indicate that there are differences in the domains affected and the extent of Objective Previous studies of cognitive decline in patients with neurocognitive disorder due to traumatic brain injury (NCD-TBI) have often failed to control for baseline factors such as premorbid intelligence. The purpose of the current study was to estimate and compare cognitive function among three groups (controls, complicated mild/moderate TBI, and severe TBI) after controlling for premorbid intelligence. Methods Severity of TBI was classified as complicated mild/moderate or severe based on duration of loss of consciousness and brain neuroimaging results. Premorbid intelligence quotients (IQs) were estimated with the Oklahoma Premorbid Intelligence Estimate. There were no differences in premorbid intelligence between the groups, which were also matched for age and education. Current cognitive function was evaluated with the Wechsler Adult Intelligence Scale-Fourth Edition. Results Comparison of current cognitive function among the three groups indicated significant group differences for all indexes and subtest scores. Processing speed showed the highest effect size. However, only working memory differed significantly between the two NCD-TBI groups. Conclusion The present findings suggest that mental memory manipulation processes seem to be more sensitive to TBI severity than are perceptual-motor processes. Specifically, both auditory rehearsal/discrimination and mental alertness/manipulation will be most strongly influenced by TBI severity.
INTRODUCTION
Neurocognitive disorder due to traumatic brain injury (NCD-TBI) is often accompanied by cognitive decline. 1, 2 According to the Diagnostic and Statistical Manual of Mental Disorders-Fifth Edition (DSM-5), a diverse range of neurocognitive domains are affected in patients with NCD-TBI. Research indicates impairments of memory, as well as of moral judgment damage depending on the severity of TBI.
Although previous studies have consistently highlighted differences in WAIS between patients with differing severities of NCD-TBI, as well as between patients with NCD-TBI and controls, no consideration has been given to premorbid intelligence. 7, 8 For example, there may be differing degrees of damage for two people with premorbid IQs of 125 and 85, which both drop to 75 after TBI, because when considering premorbid IQ, their scores have changed by 50 and 10 points, respectively. Therefore, it is imperative to consider premorbid IQ when analyzing data pertaining to retention of cognitive function after complicated TBI.
As this suggests, neuropsychological assessment to determine cognitive functioning before and after NCD-TBI onset is essential to fully understand the effects of brain damage. 9 Indeed, assessing a patient's premorbid cognitive function is a crucial first step for determining current cognitive function, predicting future progress, and establishing therapeutic interventions. 10 In particular, it is crucial to determine the degree of current cognitive impairment within specific cognitive domains compared with premorbid cognitive function. 11 Therefore, developing an assessment tool to determine the degree of current cognitive impairment and to estimate the level of premorbid cognitive function is important. 12 The current study was based on the hypothesis that there are no significant differences in premorbid intelligence among three groups: controls, patients with complicated mild/moderate TBI, and patients with severe TBI. We used the recently developed Oklahoma Premorbid Intelligence Estimate (OPIE) to estimate premorbid intelligence. 11, 13 Subsequently, we analyzed differences in cognitive function indexes and subtest scores among the three groups and compared the results with previous studies.
METHODS

Design and participants
Initially, 103 Korean patients with NCD-TBI were enrolled in the study. They all consisted of inpatients and outpatients who were receiving care in the department of psychiatry. TBI groups were classified based on severity of trauma, which was determined by duration of loss of consciousness and abnormal neuroimaging results. 1, 2 Patients with complicated mild and moderate TBI were combined into a single group because previous studies have indicated that long-term findings for such patients are similar. 7, 14 Consequently, there were two TBI groups: complicated mild/moderate TBI and severe TBI.
To control for the effects of age and education level on premorbid intelligence, participants in the control and severe TBI groups were matched for these variables with participants in the complicated mild/moderate TBI group. Data for healthy controls comprised partial data from the standardization study of the Korean WAIS-IV. 15 Finally, 94 participants were included in the study (controls, n=32; complicated mild/moderate TBI, n=32; severe TBI group, n=31).
All the study procedures were reviewed and approved by the Local Institutional Ethics Review Board (WKUH 2017-04-023). All the participants were given informed consent before study.
Measures
Wechsler adult intelligence scale-fourth edition
The Korean Wechsler adult intelligence scale-fourth edition (WAIS-IV) was used to assess current cognitive function of patients with NCD-TBI. 16 The Korean WAIS-IV was standardized in 2012, showing good internal consistency (0.87 to 0.97) and test-retest reliability (0.72 to 0.89). 15 Construct validity was confirmed with the hierarchical four-factor model. Concurrent validity with the Korean Wechsler Intelligence Scale for Children-Fourth Edition was good at r=0.80.
Oklahoma premorbid intelligence estimate
To account for premorbid intelligence, premorbid IQ of TBI patients was estimated. The Oklahoma premorbid intelligence estimate (OPIE) method was recently developed and has been validated in clinical settings. The OPIE includes regression formulas developed by combining demographic variables and WAIS subtest scores. [17] [18] [19] In the present study, premorbid intelligence was estimated with the Korean version of the OPIE method for the WAIS-IV (OPIE-IV). 13, 20 The regression formulas of the Korean OPIE-IV comprise five types of algorithms, one of which uses three predictive variables (i.e., WAIS-IV information subtest, age, and education level). Previous application of the premorbid intelligence estimation formula to data from brain injury cases provided the rationale for applying the selected algorithm in the present study. [18] [19] [20] The full formulas used in the current study were as follows: [67.173+1.722×(information subtest raw score)+0.161×(age)+ 0.995×(education level)]. Education level was scored as 1 for <8 years, 2 for 9-11 years, 3 for 12 years, 4 for 13-15 years, and 5 for ≥16 years.
Statistical analyses
One-way ANOVA was conducted to examine differences in demographic variables among the groups. Furthermore, frequency analysis of the descriptive classification for both premorbid and current IQ was also performed. Subsequently, a paired t-test was used to identify any difference between esti-mated premorbid and current intelligence within groups. Effect sizes (Cohen's d) were calculated for statistically significant differences. 21 Next, one-way ANOVA was performed among the groups to identify differences among scores for each index and subtest scores based on current intelligence. For statistically significant differences, effect sizes (partial eta squared, η 2 ) were calculated. Table 2 presents results for the frequency analysis of groupbased descriptive classification. Based on estimated premorbid IQ, there were no participants in any group that fell within the ratings of "Very superior, " "Superior, " or "Extremely low. " Moreover, more than 85% of each group were "Average" and "Low average. "
RESULTS
Participant baseline characteristics
Premorbid and current full-scale IQ
However, based on current IQ, 32% of patients in the complicated mild/moderate TBI group had "Average" and "Low average" ratings, while only 17% of the severe TBI group had "Average" and "Low average" ratings. In contrast, current full-scale IQ for controls suggested that more than 84% had "Average" and "Low average" ratings. Finally, "Extremely low" ratings accounted for 0%, 40.6%, and 67.7% of the control, complicated mild/moderate TBI, and severe TBI groups, respectively. Table 3 presents differences between estimated premorbid and current IQ within each group. There was no significant difference between estimated premorbid and current IQ for controls (89.52 vs. 94.72, respectively; difference: -5.20; t(31)=-1.848, p=0.074). In contrast, there was a significant difference between estimated premorbid and current IQ in the complicated mild/ moderate TBI group (89.14 vs. 70.53, respectively; difference: 18.61 pts; t(31)=8.61, p<0.001), with the difference corresponding to a "large" effect size (d=1.44). In the severe TBI group, there was also a statistically significant difference between estimated premorbid and current IQ (88.35 vs. 62.65, respectively; difference: 25.70; t(30)=12.67, p<0.001) and this also represented a "large" effect size (d=2.27). *the classification is followed by descriptive classification of intelligence by Wechsler, which refers "Very superior" for 130 and above, "Superior" for 120 to 129, "High average" for 110 to 119, "Average" for 90 to 109, "Low average" for 80 to 89, "Borderline" for 70 to 79, and "Extremely low" for 69 and below. IQ: intelligence quotient, TBI: traumatic brain injury Table 4 shows the results of a one-way ANOVA comparing current scores for each index and subtest among the groups. All the indexes showed statistically significant group differences with "large" effect sizes. In particular, processing speed and cognitive proficiency accounted for over 50% variance (58.5% and 54.9%, respectively).
Within group differences between premorbid and current full-scale IQ
Very superior 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) Superior 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) High average 1 (3.1) 3 (9.4) 1 (3.1) 0 (0) 0 (0) 0 (0)Average
Differences in current cognition
Based on scaled subtest scores, there were significant group differences with "large" effect sizes for all subtests except matrix reasoning. Moreover, symbol search and coding subtests accounted for over 50% of the variance (59.6% and 52.9%, respectively). Table 4 also presents results of the post-hoc test between groups. Comparing complicated mild/moderate TBI with severe TBI, there was a significant difference in working memory, including its subtests (symbol search and coding). How- 
DISCUSSION
In this study, patients with NCD-TBI were first classified based on the severity of their injury. Subsequently, differences between premorbid and current cognitive function were investigated and domains in which patients differed from healthy adults were identified.
The current research was conducted to account for estimated premorbid IQ among healthy controls, patients with complicated mild/moderate TBI, and patients with severe TBI. Consequently, there was no significant difference in estimated premorbid IQ among the three groups (Table 1 ). This was achieved as a result of the participant recruitment method, in which groups were matched for age and education level. Moreover, only three variables were used to estimate premorbid intelligence with the Korean OPIE-IV formula (raw score for the information subtest, age, and education level). Therefore, estimated premorbid IQ is presumed to be accurate, without any deviations. 12 Previous studies of brain injury have also recommended a formula comprising a single WAIS-IV subtest and demographic variables, rather than multiple WAIS-IV subtests. 18 Given that brain injuries tend to cause damage to entire brain regions, premorbid intelligence may be underestimated by an equation that includes multiple WAIS-IV subtests. 22 A frequency analysis of the Wechsler's descriptive classification was also conducted ( Table 2 ). Based on current IQ, about 40% of complicated mild/moderate TBI cases had a full-scale IQ of less than 70, which may indicate intellectual disability. Moreover, about 70% of severe TBI cases had an IQ less than 70. This suggests that there should be greater concern about the degree of impairment of intellectual ability in patients with severe TBI than in patients with complicated mild/moderate TBI. The probability of having normal cognitive function after TBI is 30% in complicated mild/moderate TBI and 10% in severe TBI cases.
There were significant within-group differences in estimated premorbid and current IQ for patients with both complicated mild/moderate TBI and severe TBI ( Table 3 ). Based on the assessment of impaired cognition with the DSM-5 Assessment Measures, 1 there was a difference of more than 1 standard deviation (15 points) for both TBI groups, implying that the severity of impaired cognition was more than "moderate. " Based on the average current IQ classified with the WAIS, patient with complicated mild/moderate TBI may be considered to be at the "borderline" level, while patients with severe TBI may be considered to be at the "very low" level. Table 4 presents results for the comparison of current index-es between groups. In accordance with previous studies, there were significant differences among the groups for all indexes. 7, 8 In terms of effect size, processing speed had the largest magnitude (η 2 =0.585). However, based on the results of the post-hoc test, there was an only significant difference in working memory between complicated mild/moderate and severe TBI groups. These findings are inconsistent with previous studies. In a study by Donders and Strong 8 processing speed was an indicator by which moderately severe TBI could be discriminated from less severe TBI or healthy adults. Moreover, Carlozzi et al. 7 reported that only patients with severe TBI had significantly lower processing speed scores than did those with complicated mild/moderate TBI with no differences in other indexes. However, in the current study, working memory was expected to aid categorization of TBI groups based on their severity. Indeed, the most prominent feature of NCD-TBI is cognitive change, while memory dysfunction, a cardinal feature, presents after TBI. 9 Working memory s a temporary, limitedcapacity memory store, which facilitates complex processes such as language, problem solving, and cognitive guidance of behavior. 23, 24 NCD-TBI particularly disrupts working memory, preferentially affecting memory manipulation processes rather than passive storage. Therefore, working memory impairments are thought to be related to TBI severity. 25 In the current study, there was a significant difference between NCD-TBI groups in digit span and arithmetic, two subgroups subsumed within working memory. Therefore, both digit span and arithmetic are more susceptible to the effects of TBI severity than are other subtests. 25 A previous study that used the Wechsler Memory Scale-IV reported that patients with severe NCD-TBI had significantly lower scores for auditory/visual/immediate/delayed memory subtests than did patients with complicated mild/moderate NCD-TBI. 26 We also investigated differences in general ability and cognitive proficiency, for both of which there were significant differences among the groups. In particularly, the magnitude of between-group differences for cognitive proficiency were associated with a very high effect size (η 2 =0.438). This is presumably because cognitive proficiency includes subtests that belong to both working memory and processing speed domains. However, both general ability and cognitive proficiency did not demonstrate sensitivity to TBI severity. Table 4 presents findings for comparative analyses among the groups for current subtest scores. Similar to previous studies, all the subtests differed significantly among the groups, 7, 8 In particular, the largest differences among groups were observed for symbol search and coding with "large" effect sizes. In the post-hoc analysis, significant differences were seen between the TBI groups for digit span and arithmetic. This con-tradicts previous studies, which have reported significant difference in symbol search and coding. 7, 8 However, our finding can be explained with similar reasoning to the above index level interpretations. Specifically, the greatest difference was observed for digit span, suggesting that both auditory rehearsal/discrimination and mental alertness/manipulation are strongly influenced by TBI severity.
The present study contributes to the understanding of the impact of NCD-TBI on cognitive function with the following main findings: 1) While previous studies have compared current IQ for of patients with NCD-TBI to those of healthy adults, the preliminary aim of this study was to compare current IQ between these groups after controlling for estimated premorbid IQ. Ensuring the same baseline IQ can aid the interpretation and comparison of current cognitive function between groups; 2) The OPIE-IV method adopted in this study is the most recent premorbid intelligence estimation protocol to be developed. In particular, the Korean OPIE-IV method used in this study is less sensitive to variations in brain injury patients and should not overestimate or underestimate premorbid intelligence; 3) Although previous studies have reported processing speed as an indicator to compare different NCD-TBI groups, our results indicate that working memory is more sensitive to TBI severity. Moreover, processing speed most accurately distinguishes TBI from healthy adults. However, among cognitive domains tested, working memory accounts for the most variance in the discrimination of NCD-TBI groups according to severity; 4) The current study also presented a comparison of general ability and cognitive proficiency among the groups. As with IQ, there was a significant difference among the groups, with a greater proportion of the variance accounted for by cognitive proficiency than by general ability.
Despite the strengths of the current study, it is subject to some limitations that could be addressed by further research. The sample size of the study is adequate for the statistical analyses performed. However, studies with larger samples should be conducted to increase the statistical power. Additionally, unlike previous studies, working memory, but not processing speed, was observed to significantly discriminate TBI according to severity. This novel finding requires replication. Lastly, this study did not employ strict criteria for the classification of NCD-TBI participants. The present study employed both loss of consciousness and neuroimaging results to stratify TBI patients. The application of all the requisite criteria was difficult because of insufficient or unreliable information provided due to the nature of emergency medicine and potentially subjective reporting by the observer. However, future studies should be undertaken with the application of at least 3-4 criteria for stratification of NCD-TBI patients based on injury severity.
